Gravitational waves from inflation with antisymmetric tensor field by Aashish, Sandeep et al.
Gravitational waves from inflation with antisymmetric tensor field
Sandeep Aashish,∗ Abhilash Padhy,† and Sukanta Panda‡
Department of Physics, Indian Institute of Science
Education and Research, Bhopal 462066, India
Abstract
We build upon the past studies of inflation with rank-2 antisymmetric tensor field, including
here the tensor perturbations to metric. We perform a comprehensive analysis of the background
dynamics of our model in the presence of non-minimal coupling curvature terms R and Rµν . We
find appropriate conditions on the nonminimal coupling parameters to satisfy the constraint of
speed of propagation of gravitational waves. Including the tensor perturbations, the model is
found to be free from ghost instabilities with minimal constraints on the parameters. We also
study the evolution of gravitational waves, calculate the power spectrum and the tensor spectral
index.
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I. INTRODUCTION
The inflationary paradigm introduced by Guth, rescues the standard bigbang model from
observational inconsistency by providing reasonable explanation to the horizon and flatness
problem [1]. There has been a lot of effort to build a model of inflation which meets the
requirement of CMB observations. But the most recent high precision data of CMB by
Plank [2–5] rules out most of the scalar field inflation models; especially single field inflation
models [6–14]. Moreover, the swampland criteria in string theory which sets some theoretical
constraints for UV completion of any effective field theory, puts additional restriction on the
scalar field potentials [15–19]. Alternative models of inflation based on vector field, face
severe pathological issues like ghost and gradient instabilities [20–25]. Though there are
few models that fits into the observational requirements but they are heavily constrained
[26, 27]. Yet another set of theoretically sound inflation models free from the problems faced
by vector inflation, are gauge-flation models constructed using non-abelian gauge fields [28–
31]. However, they have been shown to be in tension with the data [32]. This has motivated
attempts to build inflationary models with higher rank tensor fields, in particular 2- and 3-
form fields. 2-forms appear naturally in superstring models [33, 34] in low energy limits and
are also referred to as the Kalb-Ramond field. Early studies of such n-form inflation models
are carried out in Refs. [35, 36], where 3-form field is found to be favorable over 2-form
inflation due to the vector-inflation like ghost instabilities appearing in the later model.
In contrast to the past conclusions, the results of recent studies [37, 38] have shown that
slow roll inflation is indeed supported by rank-2 antisymmetric tensor field (2-form) when
nonminimal coupling terms are included. Specifically, the presence of nonminimal coupling
terms with the Ricci scalar R and/or the Ricci tensor Rµν is a sufficient condition for the
existence of de-sitter solutions, thereby supporting inflation [37]. Furthermore, known ghost
and gradient instabilities can be avoided at least for the perturbed modes of Bµν (keeping
the metric unperturbed) by incorporating a gauge symmetry breaking kinetic term into the
action [38].
In this paper we extend our study of the cosmological perturbation theory of 2-form
inflation starting with the inclusion of tensor perturbations to metric, usually referred to
as the primordial gravitational waves, in the model prescribed in [38]. The availability of
recent gravitational wave data coming from binary neutron star merger GW170817 and its
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associated electromagnetic counterparts, demands that the speed of propagation of gravita-
tional waves be equal to the speed of light [39]. We study the constraints on the coupling
parameters of our theory, for which this condition is satisfied, and find that unlike several
inflation models [40–45], this requirement is easily achieved by constraining one of the non-
minimal coupling parameters. For completeness, we also address a past issue [37] related to
the parameter space for stable de-sitter solutions, and check its consistency with an insta-
bility analysis of perturbed modes including tensor perturbation. The analysis of scalar and
vector perturbations is not included here, and will be addressed in a future work.
The organization of the paper is as follows. In Sec.2, we study the background cosmology
of our model considering the contribution from both the nonminimal coupling term R and
Rµν . In Sect.3 we introduce tensor perturbation into the action and check the existence of
ghost instability in the quadratic ordered part of the perturbed action. We also calculate the
speed of propagation of the gravitational wave in this section and have given our prescription
to make it unity. In Sect.4, we solve the gravitational wave equation and have studied the
behavior of gravitational waves in subhorizon and superhorizon limits. Along with it we
calculate the tensor power spectrum and the tensor spectral index in this section. We
conclude in Sect.5 with some future prospects of this work.
II. BACKGROUND COSMOLOGY
In this section we review and generalize the background analysis of Refs. [37, 38]. Pre-
viously it was shown that a stable slow roll inflation could be achieved with a rank-2 anti-
symmetric tensor field by simply including the nonminimal coupling with curvature terms
R and Rµν . However including any one among them could serve the purpose for which their
effects on the background cosmology were studied separately in order to avoid unnecessary
complexity in calculations . Here, we include both of them so that we achieve more freedom
of the parameters. In the forthcoming section the need of this extra freedom will be evident
when we try to match the speed of propagation of the gravitational wave with the observa-
tional expectation . The necessary background cosmology that is used in main content are
explicitly discussed in this section. We know the general form of the action that promises
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stability in the antisymmetric tensor field inflation model, is given by
S =
∫
d4x
√−g
[ R
2κ
− 1
12
HλµνH
λµν +
τ
2
(∇λBλν)(∇µBµν) + (
ξ
2κ
R− m
2
4
)BµνBµν
+
ζ
2κ
BλνBµνRλµ
]
. (1)
Where Bµν is the antisymmetric tensor field and Hλµν = ∇λBµν + ∇µBνλ + ∇νBλµ is the
field strength . ’g’ symbolizes the determinant of the metric gµν and κ denotes the square
inverse of the reduced Planck’s mass MPl. The first and second term in the action (1) express
respectively the gauge invariant kinetic term and the gauge symmetry violating kinetic term
that rescues the system from the ghost and gradient instability. Rest of the terms in the
action (1) include the nonminimal coupling with the curvature terms R , Rµν and the
self interacting quadratic potential term. Assuming the early universe to be isotropic and
homogeneous , the background metric is chosen to be the FLRW metric with components
g00 = −1, gij = a(t)2δij, (2)
and the background antisymmetric tensor field Bµν is structured as
Bµν = a(t)
2φ(t)

0 0 0 0
0 0 1 −1
0 −1 0 1
0 1 −1 0
 . (3)
With this choice of gµν and Bµν , the equations of motion appears similar to the case of
scalar field inflation model. It should be noted that the gauge breaking kinetic term in the
action (1) does not have any effect on the background dynamics [38]. The dynamics of this
system is described by the Einstein’s equation Gµν = κTµν and the Bµν field equation along
with a constraint equation for conservation of energy momentum tensor(∇µTµν = 0). Using
the constraint equations and some manipulations, one obtains two independent equations
[37] which are as follows:
H2 =
κ
2
[(φ˙+ 2Hφ)2 +m2φ2]− 6ξ(2Hφφ˙+H2φ2)− 2ζHφφ˙, (4)
2H˙ + 3H2 +
(
12ξ +
3
2
ζ
)
(φφ¨+ φ˙2) +
(
24ξ − 3
2
ζ
)
Hφφ˙− (6ξ + 3ζ)H˙φ2
−(18ξ + 9ζ)H2φ2 = 0. (5)
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FIG. 1. This plot shows the allowed values of (ξ, ζ) for the existence of exact de-Sitter solution
in the model. Region 1 and 2 exhibits the portion in the parameter space where 3ζ + 6ξ > 0
and 3ζ + 12ξ > 2κ are individually satisfied in respective manner where as region 3 exhibits that
portion where both the conditions3ζ + 6ξ > 0 and 3ζ + 12ξ > 2κ holds true.
An exact de-Sitter type inflation where H and φ both remain constant could be realized
by demanding certain conditions over the coupling parameters ξ and ζ. Those conditions
in various cases are listed in Table I. These constraints are also graphically shown by the
shaded region over the plane of (ξ/κ, ζ/κ) in the Fig. 1. It can be observed that for ξ ≤ κ
3
the condition 12ξ+3ζ > 2κ is sufficient for getting de-Sitter solution and similarly for ξ > κ
3
,
the condition 2ξ + ζ > 0 is sufficient .
A. Stability of the de-Sitter background
Ideally one can not expect a steady exact de-Sitter type background rather it may evolve
to a quasi de-Sitter type scenario where the Hubble parameter H and φ have little fluctu-
ations δH and δφ instead of remaining constant permanently. But for a stable de-Sitter
background, these fluctuations should not diverge with time but are expected to die out
5
Cases φ20 H
2
0 Condition
ξ 6= 0, ζ = 0 1
6ξ
κm2
4(6ξ − κ) ξ >
κ
6
ξ = 0, ζ 6= 0 1
3ζ
κm2
2(3ζ − 2κ) ζ >
2κ
3
ξ 6= 0, ζ 6= 0 1
3ζ + 6ξ
κm2
2(3ζ + 12ξ − 2κ) 3ζ + 6ξ > 0, 3ζ + 12ξ > 2κ
TABLE I. The de-Sitter space solutions of φ and H, along with the condition on parameters ξ and
ζ corresponding to R and Rµν coupling terms respectively.
after a while. The behavior of these fluctuations can be analyzed by solving the system of
dynamical equations
d
dt
 δφ
δH
 = A
 δφ
δH
 , (6)
Where A is a (2× 2) square matrix, whose components are expressed as
A11 =
(
6ξ + 3ζ
6ξ + ζ − κ
)
H0, A12 = −
(
12ξ + 3ζ − 2κ
6ξ + ζ − κ
)
φ0,
(7)
A21 = − 1
(6ξ + ζ − κ)
(
(6ξ + 3ζ)(8ξ + ζ) + (6ξ + ζ − κ)(16ξ − ζ)− 4(6ξ + ζ − κ)2
(6ξ + ζ − κ)12ξ − ζ(8ξ + ζ)
)
H20
φ30
,
(8)
A22 =
(12ξ + 3ζ − 2κ)
(6ξ + ζ − κ)
(
(6ξ + zeta)(8ξ + ζ) + (12ξ + 3ζ − 2κ)(16ξ − ζ)
(6ξ + ζ − κ)12ξ − ζ(8ξ + ζ)
)
H0. (9)
The system of equations presented in Eq. (6) are obtained from the background equation
of motion Eq. (4) and Eq. (5), where we substitute H = H0 + δH , φ = φ0 + δφ and
consider only the linear part of the equation for (δφ, δH). It is in the form of an Eigenvalue
equation and the general solution to it can be obtained in the form C1e
λ1t + C2e
λ2t where
λ1, λ2 are the two eigen values of matrix A . If real part of both the eigen values are negative,
then (H,φ) eventually becomes (H0, φ0) with time and the de-Sitter space becomes stable .
However this situation is not possible for any arbitrary ξ and ζ rather it further constrains
the parameter space of ξ and ζ, which is pictorially shown in figure2. So in this range of ξ
and ζ , the de-Sitter solutions (H0, φ0) behaves as stable fixed point.
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,FIG. 2. The v shaped region in the plot indicates the allowed region in the plane of parameters
(ξ/κ, ζ/κ) , where the real part of both the eigen values λ1 and λ2 are negative along with the
condition for exact de-Sitter solutions holds true.
III. TENSOR PERTURBATION
A preliminary study of perturbations for this model was undertaken in Ref. [38], where
all the calculations were done in a test frame in which the metric perturbations were ignored.
In that setup, the theory is free from both the ghost and the gradient instability under the
conditions that coupling parameter τ be positive and satisfies the following:
τ >
a2m2
k2
=
a2H2
k2
m2
H2
, τ > −
(
1 +
a2m2
2k2
)
+
√
2a2m2
k2
(
1 +
a2m2
8k2
)
. (10)
In the deep subhorizon limit (k >> aH), Eq. (10) reduces simply to τ > 0 and in the
superhorizon limit particularly when the modes cross the horizon (i.e k = aH) it reduces to
τ > m2/H2 , τ > 1.
Though this preliminary investigation of instability in perturbed modes enhances the
viability of the model but the more realistic approach will be to perform a complete per-
turbation analysis where the metric perturbations are also included. From the metric side
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we get four scalar, four vector and two tensor modes of perturbation where as from the Bµν
side we get two scalar and four vector modes of perturbation. From the SVT decomposition
[22] , the general form of the metric perturbation is expressed as
g00 = −(1 + ψ) g0i = a(∂iχ+ Ei)
gij = a
2 [(1− 2α)δij + 2∂ijβ + (∂iFj + ∂jFi) + hij] , (11)
where ψ, χ, α, β are the scalar modes, Ei, Fi are the divergence free vector modes and hij
is a traceless (hii = 0) and divergence free (∂ihij = ∂jhij = 0) matrix of order (3 × 3).
According to the decomposition theorem for cosmological perturbations the scalar, vector
and tensor modes evolve independent to each other at the linearized level so can be studied
separately. As Bµν does not contribute to the tensor perturbation it appears relatively
simpler to study the tensor perturbation. Further any theory has to be independent of
gauge transformations; so the gauge redundancy should be removed. The tensor mode hij is
gauge invariant by default and one need not worry about the gauge redundancy. The tensor
modes of perturbation hij are usually referred as primordial gravitational wave which carries
the signature of the early universe. In this work, we study only the tensor perturbations
leaving the vector and scalar perturbations to be studied in future. So the scalar and vector
perturbations are ignored i.e δg00 = 0 , δg0i = 0 and δgij = a
2hij. We can consider a simple
structure for hij as
hij =

h+ h× 0
h× −h+ 0
0 0 0
 , (12)
where the tracefree and transverse nature of hij can be easily observed. Here the frame is
oriented in such a manner that the perturbation variables h+ or h× lies on the (x, y) plane
and the wave vector ~k is directed along z− axis. We express these two modes with a common
symbol he where e can be + or ×.
A. Ghost Instability
Now we substitute the perturbed metric and the background structure of Bµν as in Eq.
(3), in the action (1). The action can be expanded upto second order in terms of the
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perturbation variables and the second order part of it can be explicitly written as
S2 =
∫
dt d3x a3
(
1− h
2
+ + h
2
×
2
)[ R
2κ
+
(
ξR
6κ
− m
2
12
)
(3 + 2h× + 3(h2+ + h
2
×))
a4
BijBij
−Rij
a6
(BikBkj + Zij −Wij) + τ
2a6
BilBjm∂jhkm∂ihkl +
−Tr[(4HB˙B − B˙
2) + (X˙B˙ − 4HXB˙)− (Y˙ B˙ − 4HY B˙)]
4a4
]
,(13)
where X, Y, Z,W are matrices with components Xij = (Bh + hB)ij, Yij = (Bh
2 + h2B +
hBh)ij , Zij = (BhB +B
2h+ hB2)ij and Wij = (Bh
2B +B2h2 + h2B2 +BhBh+ hB2h+
hBhB)ij. Tr stands for trace of the matrix. To keep the action simple we don’t include the
explicit expressions of R and Rµν . The action can be Fourier transformed into momentum
space, where all the modes with different momentum k evolve independently. The structure
of hij is set for the coordinate frame where the momentum k
i = (0, 0, k). That takes away
the intermixing of the h+ and h× modes in the action and the action is obtained as
S2 =
∑
e=+,×
∫
dtd3k
a3
4κ
[
Ωk h˙
†
eh˙e + Ωc (h˙
†
ehe + h
†
eh˙e) + Ωg h
†
ehe
]
, (14)
For simplicity in notations, the Fourier transform of h(+/×) are also expressed with the
same symbol h(+/×). It can be noticed that, both the decoupled part in action (14) for h+
and h× take the same form and same set of coefficients Ωk,Ωc,Ωg which are given by
Ωk = [1 + 2(3ξ + ζ)φ
2] ,
Ωc =
[
6κφφ˙+ (12κ− 24ξ − 15ζ)Hφ2 − 8H
]
,
Ωg =
[
6(ζ + 6ξ)H˙φ2 + 6(3ζ + 12ξ − 2κ)H2φ2 + 3κ(φ˙2 −m2φ2)
− k2
a2
(1 + (6ξ + 4ζ − 4κτ)φ2)− 6(H˙ + 2H2)
]
. (15)
If there is no ghost present in the theory, then the coefficient of the kinetic energy term
Ωk needs to be positive always. In the de-Sitter limit φ
2 receives a constant value of φ20 =
1/(6ξ + 3ζ) so that Ωk = (12ξ + 5ζ)/(6ξ + 3ζ). And we escape the problem of ghost
instability by simply demanding (12ξ+ 5ζ) > 0. However in the quasi-de-Sitter scenario, φ2
is not exactly a constant but varies slightly from the de-Sitter value and can be expressed
in terms of slow roll parameters as
φ2 =
1
(6ξ + 3ζ)
[
1− 
2
+
(16ξ − ζ)
(6ξ + 3ζ)
δ
2
]
, (16)
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,FIG. 3. The shaded region in the graph represents the parameter space within which gravitational
modes are free from instability and the V shaped region indicates the stable de-Sitter solution zone.
where  and δ are the two slow roll parameters and are given by
 = − H˙
H2
, δ =
φ˙
Hφ
. (17)
This expression for φ2 in Eq. (16), is obtained from Eq. (4) and Eq. (5) where we neglect the
φ¨ and φ˙2 term along with the nonlinear terms of slow roll parameter. As the field is rolling
slowly over the potential, this approximation is valid. In this approximation we obtain
Ωk =
(12ξ + 5ζ)
(6ξ + 3ζ)
− (3ξ + ζ)
(6ξ + 3ζ)
+
(16ξ − ζ)(3ξ + ζ)
(6ξ + 3ζ)2
δ. (18)
As the value of  varies between 0 to 1, in order to keep Ωk always positive we need to have
12ξ + 5ζ
3ξ + ζ
+
16ξ − ζ
6ξ + 3ζ
δ > 1, (19)
where we have taken the value of  to be it’s maximum i.e unity. In the figure, it is shown
that in the first quadrant of the (ξ, ζ) parameter plane, the constraints for stable de-Sitter
solution fits well into the requirement for removing ghost instability.
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B. Speed of the Gravitational waves
Though we can evade from the ghost instability by setting some constraints on the cou-
pling parameters, still there can be pathological instabilities in the gravitational wave if the
square of the speed of propagation of the gravitational waves turns negative. But in our
model, the additional kinetic term (∇λBλν)(∇µBµν) plays a very important role in rescuing
the model from this instability. It can be noticed that this additional kinetic term contributes
only to the gradient terms of tensor modes in action thereby enhancing the probability of
avoiding the instability caused due to negative value of squared gravitational wave speed.
The equations of motion for the gravitational waves can be obtained by varying the action
(14) with respect to h†e
h¨e +
(
Ω˙k
Ωk
+ 3H
)
h˙e +
(
Ω˙c + 3HΩc − Ωg
Ωk
)
he = 0, (e = +/×). (20)
Eq. (20) looks like a damped harmonic oscillator except the coefficients of h˙e and he are
not constants. These coefficients are dependent on time, and the time dependence is coming
from the terms φ2 and H2. In quasi de-Sitter space they can be expressed in terms of the
slow roll parameters  and δ and can be approximated to be constant. The expression for
φ2 and H2 in quasi de-Sitter space is given by
1
φ2
≈ (ζ + 2ξ)(3 + ) +
(
ζ
2
− 8ξ
)
δ,
κm2
H2
≈ 2(12ξ + 3ζ − 2κ) + 2(ζ + 2ξ)+ (8ξ + 5ζ − 2κ)δ. (21)
Now substituting Eq. (21) in Eq. (20), the coefficients can be re expressed as
Ω˙k
Ωk
=
(12ξ + 4ζ)δ
(12ξ + 5ζ)
H,
Ω˙c + 3HΩc − Ωg
Ωk
= 3H2F1 +
k2F2
a2
, (22)
Where F1 and F2 are written as
F1 =
2
(12ξ + 5ζ)
[(12ξ + 3ζ − 2κ) + ζ+ 2(10ξ − 2ζ + 3κ)δ]
− 2(ζ + κ)
(12ξ + 5ζ)2
[4(5ξ + 2ζ)+ (16ξ − ζ)δ] , (23)
F2 = 1 +
(ζ − 2κτ)
(12ξ + 5ζ)2
[2(12ξ + 5ζ)− 2(ζ + 2ξ)− (ζ − 16ξ)δ] . (24)
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The dispersion relation can be derived by substituting a solution of the form he ∝
exp[−i ∫ t(cTk/a(t′))dt′]~e in the equation of motion Eq. (20). cT is the speed of the grav-
itational wave and ~e is a constant vector. The dispersion relation can be expressed as a
quadratic equation in terms of cT as
c2T + i
(
2aH
k
)(
1 +
6ξ + 2ζ
12ξ + 5ζ
δ
)
cT −
[
3
(
aH
k
)2
F1 + F2
]
= 0. (25)
In the deep subhorizon limit i.e when k >> aH, the second term in Eq. (25) can be
neglected out and cT can be expressed as
c2T ≈ F2 = 1 +
2(ζ − 2κτ)
(12ξ + 5ζ)
(
1− (ζ + 2ξ)
(12ξ + 5ζ)
+
(16ξ − ζ)
2(12ξ + 5ζ)
δ
)
. (26)
The amplitude of the primordial GWs is determined by cT and the Hubble radius ∼ H−1
which can have strong impact on the power spectrum [39]. The recent observation from
neutron star merger data GW170817 [43] insists the gravitational wave speed to be equal
to the speed of light i.e unity in natural units. A number of theories do not fulfill this
requirement and are disfavored as they are not practically viable for description of nature
[46]. In a study of p-form inflation, the speed of the gravitational wave differs from unity for
2-form when the mass of the field is tachyonic [40]. But in our case it can be noticed from
the expression of c2T in Eq. (26) that cT can be approximated to unity if ζ ≈ 2κτ . So at this
stage it becomes important to check whether this demand does not contradict the previous
constraints on τ and ζ. In the preliminary search for instability in the model positive value
of τ is recommended; further at horizon crossing τ > m2/H2 and for extremely small value
of k, τ > 1 is required. Now these set of conditions set additional constraints on ζ as
ζ > 2κ
m2
H2
for (k = aH),
ζ > 2κ for (k << aH), (27)
in order to get c2T = 1. We have already constrained the parameter space of ξ and ζ to
achieve stable de-Sitter solution which is depicted in FIG.2. This demand on ζ does not fall
outside the depicted region in FIG.2. So here onwards we will take cT = 1 in our calculation.
The importance of the nonminimal coupling terms BλνBµνRλµ in the action can be realized
here. In absence of this term, it would have not been possible to achieve cT = 1.
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IV. EVOLUTION OF THE GRAVITATIONAL WAVE EQUATION
In the previous section we showed that gravitational waves are free from instabilities.
Now we can find the solutions of the gravitational wave equation Eq. (20) and can analyze
it’s behavior at different stages of inflation. It is useful to express Eq. (20) in conformal
time coordinates as conformal time gives the comoving horizon of the universe at any stage
of evolution. The total comoving horizon becomes very large in the early universe before the
end of inflation and varies a little during radiation and matter dominated era. Therefore it
is a standard practice to define it as [22]
ηtotal = ηprim + η ≡
∫ te
0
dt′
a(t′)
+
∫ t
te
dt′
a(t′)
, (28)
where the 1st term in the right hand side of Eq. (28) is ηprim. Therefore η is negative but
monotonically increasing during inflation. It leaves the horizon once k|η| becomes smaller
than unity. We will consider η as the conformal time coordinate instead of ηtotal in our
calculations. With this replacement of time coordinate Eq. (20) can be rewritten as
h′′e +
(
2 +
12ξ + 4ζ
12ξ + 5ζ
δ
)
aHh′e +
(
3a2H2F1 + k
2c2T
)
he = 0, (29)
where the prime over he represents derivative with respect to η . We redefine he as
he → h˜e = aλhe, λ = 1 + 6ξ + 2ζ
12ξ + 5ζ
δ, (30)
so that the equation becomes
h˜′′e +
[
k2 + (1 + 3F1 + − 3λ)a2H2
]
h˜e = 0, (31)
where we take c2T = 1. In quasi de-Sitter space, aH ≈ −(1 + )/η. So Eq. (30) becomes
h˜′′e +
[
k2 − ω
2
η2
]
h˜e = 0, ω
2 = 3(λ+ − F1 − 2F1)− 1. (32)
Eq. (32) resembles to a quantum harmonic oscillator equation. So h˜e can be written in
terms of the creation and annihilation operator as
ˆ˜he(k, η) = ve(k, η)aˆ~k + v
∗
e(k, η)aˆ
†
~k
, (33)
where aˆ~k and aˆ
†
~k
are the annihilation and creation operator for a mode with wave number k
respectively. The coefficients ve(k, η) satisfies the equation
v′′e +
(
k2 − ω
2
η2
)
ve = 0. (34)
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The initial condition to solve the problem is obtained from the natural hypothesis, where
we assume that the Universe was in the vacuum state dened as aˆ~k|0〉 = 0 at very early
stage, that is the Bunch-Davies vacuum state. When we observe the nature of the solutions
of Eq. (34) separately during the subhorizon and superhorizon regime, we find the second
term in Eq. (34) dominates over the third term In subhorizon limit and the solution is an
oscillatory solution. i.e
ve = Ae
−ikη, (35)
where as in super horizon limit we get an exponentially damped solution of the form
ve ∝ a
(− 1)(1 +√1 + 4ω2)
2 or a
(− 1)(1−√1 + 4ω2)
2 . (36)
The case of F1 = 0 is particularly interesting to get superhorizon behavior of the gravitational
waves. Because when F1 is zero ve evolves as a
−(1+λ−) or as aλ so that he has two solutions
a−(1+2λ−) and a constant. This is how we expect the gravitational wave to behave once it
crosses the horizon; that means the amplitude of oscillation becomes negligible in comparison
to the wavelength and the wavelength is said to be frozen. If we demand 12ξ + 3ζ to be
approximately equal to 2κ, then F1 will be zero in exact de-Sitter space. But the existence
of de-Sitter solution(φ0, H0) would require 12ξ + 3ζ > 2κ. So we can compromise it to be
slightly greater then 2κ so that the gravitational wave amplitude will remain constant after
horizon crossing. In quasi de-Sitter space, with this approximation F1 can be written as
F1 = − 1
ζ + κ
(
(10κ+ 3ζ)

6
+ (16κ− 13ζ) δ
2
)
, (37)
so that F1 = 0 leads to a linear relation between δ and  given as δ ≈ (3ζ + 10κ)/3.
However to obtain the exact solution, all the differentiation in Eq. (34) are done with
respect to a new variable x = −kη followed by a redefinition ve → v¯e = x−1/2ve. Now Eq.
(34) can be written in the form of Bessel’s differential equation given by
x2
d2v¯e
dx2
+ x
dv¯e
dx
+ (x2 − ν2)v¯e = o, (38)
Where ν2 = ω2 + 1
4
can take fractional values and have the explicit expression
ν ∼
√
3
2
(
16κ− 60ξ − 9ζ
12ξ + 5ζ
)1/2[
1 +
(12ξ + 5ζ)(8κ− 36ξ − 9ζ) + 24(ζ + κ)(5ξ + 2ζ)
(16κ− 60ξ − 9ζ)(12ξ + 5ζ) 2
+
(12ξ + 5ζ)(5ζ − 17ξ − 6κ) + (ζ + κ)(16ξ − ζ)
(16κ− 60ξ − 9ζ)(12ξ + 5ζ) 4δ
]
. (39)
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We define −kη as x because the conformal time η varies from −∞ to 0 during inflation and
x always remains positive. The exact solutions to the Eq. (38) can be identified as the two
Hankel functions of first and second kind so that ve is obtained as
ve =
√
xv¯e =
√
−kη [C1H(1)ν (x) + C2H(2)ν (x)] . (40)
In the asymptotic limit of large x (x >> 1)i.e in the deep subhorizon limit the two Hankel
functions takes the approximate form as
H(1)ν (x >> 1) ∼
√
2
pix
e
−
ipi
4
(1+2ν)
eix
H(2)ν (x >> 1) ∼
√
2
pix
e
ipi
4
(1+2ν)
e−ix (41)
The second term in the solution(40) in the subhorizon limit is the diverging solution. There-
fore C2 is taken to be zero and C1 is obtained by assuming that the solution matches with
the normalized plane wave solution e−ikη/
√
2k which is introduced by Eq. (34) as an initial
condition. This hypothesis can be viewed as a direct consequence of Bunch-Davies vacuum
condition. So C1 is given by
C1 =
1
2
√
pi
k
e
i
ν+1
2
pi
2 , (42)
and the final solution for ve is given by
ve(k, η) =
pi
2
e
i
ν+1
2
pi
2√−η H1ν (−kη). (43)
A. Super horizon modes
Once a scale grows beyond the horizon, their amplitude freezes and after the end of
inflation these scales re-enter the horizon after the end of inflation during radiation and
matter dominated era. Especially the modes which have grown beyond the horizon at least
60 e-folds before the end of inflation are important as they re-enter the horizon during
radiation domination era and lay imprint on the CMB surface. In the superhorizon limit i.e
when x is smaller then unity, the Hankel function H
(1)
ν (x) takes the asymptotic form
H(1)ν (x << 1) ∼
Γ(ν)
pi
ei
pi
2
(x
2
)−ν
. (44)
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Substituting the asymptotic form of H
(1)
ν (x) in Eq. (43), we get the solution for ve in super
horizon regime as
ve(k, η) =
Γ(ν)√
kpi
2ν−1ei(ν−
1
2)
pi
2 (−kη) 12−ν . (45)
In quasi de-Sitter space the scale factor a varies as η−(1+). So the gravitational wave in
superhorizon limit takes the form
he = a
−λve =
A
kλ++
1
2
(−kη)λ++ 12−ν , (46)
where A = Γ(ν)2ν−1ei(ν−1/2)pi/2/
√
pi . When F1 = 0, ν becomes equal to λ +  +
1
2
and
he becomes a constant. But he is not independent of the scales rather he ∝ k−(λ++ 12 ). In
exact de-Sitter type inflation, the r.m.s amplitude k3/2he is independent of scales. In quasi
de-Sitter scenario, though it depends on k but this dependence is quite small where the
exponent of k is a combination of slow roll parameters only. In the general picture, the
amplitude keeps on decreasing as the scales grow beyond the horizon. The power spectrum
of the tensor perturbation is obtained as
PT (k) =
k3
2pi2
∑
e
|he|2 = |A|
2
pi2
k2(1−λ−)(−kη)1+2(λ+−ν¯) (47)
where ν¯ represents the real part of ν. Inserting the quasi de-Sitter approximation of η (i.e
η = −(1 + )/aH) in Eq. (47) the power spectrum can be written as
PT (k) =
|A|2
pi2
(1 + 3− 2ν¯) k2(1−λ−)
(
k
aH
)1+2(λ+−ν¯)
, (48)
and the spectral index nT is given by
nT =
dlnPT
dlnk
∣∣∣
aH=k
= −2− 12ξ + 4ζ
12ξ + 5ζ
δ. (49)
So the power spectrum in our model is not exactly independent of scales rather it shows
nearly scale invariant nature. Similarly from the expression of nT in Eq. (49), the difference
from a usual scalar field inflation model can be observed to be in the second term that is
proportional to the slowroll parameter δ.
V. CONCLUSION
As an initial step towards studying the cosmological perturbation theory of inflation
model(s) with antisymmetric tensor field Bµν , we included tensor perturbations to the back-
ground FLRW metric and analyzed their dynamics. For completeness, we generalized the
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analysis of background dynamics of the model first presented in Ref. [37, 38] taking into ac-
count all nonminimal coupling terms upto linear order in curvature, and found the parameter
space region within which stable de-Sitter solutions are expected (Fig. 2).
Secondly we checked the possibility of ghost instability in tensor modes and found the
region of allowed parameter space where tensor modes are free from ghost instability (Fig.
3). Further we evaluated the speed of gravitational waves and found appropriate constraints
for parameters to match the observed speed of propagation of gravitational waves from the
recent gravitational wave data GW170817 which demands the speed of the gravitational
wave to be approximately equal to the speed of light. It turns out that the nonminimal
coupling with Rµν plays an essential role here since the condition τ ≈ ζ/2κ fixes the speed
of gravitational waves to be unity in natural units.
We also studied the evolution of gravitational waves and derived it’s solution in the sub-
horizon and the superhorizon limit. The superhorizon mode is found to be decreasing with
the conformal time but can be approximated to be constant by demanding F1 to be zero
which goes well with the other established conditions on the coupling parameters. Finally we
calculated the power spectrum and the tensor spectral index for completeness. The spectral
index nT differs from that of a scalar field inflation model with additional term proportional
to the slow roll parameter δ which can help us achieving the requirements of CMB observa-
tions. However we leave the scalar and vector perturbations and the observational prospects
of this model to be studied in future.
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